ABSTRACT
takes several years to complete. Therefore chronic bioassays can be conducted only on a small fraction of the thousands of chemicals in commerce for which there is little or no toxicity information. Several short term bioassays have been developed to solve this dilemma, but their results are in poor concordance with carcinogenicity assays (Zeiger, 1998) and they are still far more time consuming and expensive than computational experiments.
Models for Structure-Activity relationships (SARs) enable the prediction of toxic effects from chemical structures and their properties. With an SAR model it is possible to generate toxicity predictions even for compounds which have not been synthesized. This allows the identification of hazardous chemicals at low cost and the reduction of the number of laboratory animals used for toxicity testing.
The crucial step in Predictive Toxicology is to derive valid models from experimental data. In classical SAR analysis statistical techniques have been used extensively. More recently several techniques concerned with knowledge discovery from databases have been applied to this problem (Helma et al., 2000b) .
The PTC was initiated to stimulate the development of advanced techniques for predictive toxicology models. We used rodent carcinogenicity as an endpoint, because: (i) a sufficiently large and standardized dataset was publicly available, (ii) predicting carcinogenicity is a well known, hard problem and (iii) the problem has general relevance. The PTC was announced in mid 2000 at conferences, in mailinglists and newsgroups and in scientific journals . The challenge was to provide carcinogenicity predictions for a set of compounds with unknown classification, using only information derived from their chemical structure. As rats and mice differ substantially in their response to chemical carcinogens, separate predictions for each species were required.
HISTORY
The present PTC is the successor of similar endeavors started in 1990. The first Predictive Toxicology Evaluation (PTE) was initiated in 1990 by an article of Tennant et al. (1990) . They provided carcinogenicity predictions for 44 compounds, that were tested by the NTP at that time, and encouraged other authors to do the same, before the results of the animal assays were known. The rules were very liberal: to obtain predictions any method and any data source was acceptable, but the predictions had to be published in a peer reviewed journal. 11 groups delivered 13 prediction sets. Of these sets four were based on human experts opinions, two on biological assays, five on QSAR techniques and two on machine learning methods. The best performance was obtained by various techniques of these four groups that used attributes of biological systems (e.g. results from short term tests). The results were presented in 1993 in a NIEHS workshop (Ashby and Tennant, 1994; Bristol et al., 1996) .
The second PTE was announced in 1994 with a similar set of rules. Predictions for 30 compounds were required (Bristol et al., 1996) . At present NTP testing is still underway for some of the compounds in the testset. Intermediary results have been published in (Bristol et al., 1996) and (Srinivasan et al., 1999) .
The Predictive Toxicology Evaluation Challenge (Srinivasan et al., 1997) used the same training and testset as the PTE, but it was conducted mainly within the machine learning community and parts of the results were already available at that time. The results and evaluations from nine prediction sets from five groups were published in (Srinivasan et al., 1999) and compared with expert predictions for the same set of compounds.
The present Predictive Toxicology Challenge tries to address some of the shortcomings of the previous competitions. First of all, we increased the size of the testset, to allow a statistically sound evaluation. As the real-world distribution of carcinogens and noncarcinogens is unknown, we employed a costsensitive evaluation scheme (Provost and Fawcett, 2001 ). To account for sex and species specific effects, we required separate predictions for each of these groups, instead of a global carcinogenicity classification. To simulate a realistic predictive toxicology setting, we required predictions based on chemical structures (and their derived features) only. Furthermore the calculation of chemical descriptors and the generation of prediction models was clearly separated into two distinct phases.
DATA SOURCES

Trainingset
Training data for the PTC (experimental results and chemical structures) was obtained from the Carcinogenesis Studies of the US NTP, http://ntp-server.niehs.nih.gov/. The NTP is the largest public source of standardized rodent carcinogenicity data and its protocol is considered to be the 'gold' standard for carcinogenicity assays. The NTP dataset presently contains results for 509 compounds, mixtures and exposure conditions with very diverse structures and usage profiles (e.g. industrial chemicals, pharmaceuticals, dyes). Carcinogenicity classifications for male and female rats and mice were provided separately to account for sex and speciesspecific differences. Chemical structures were available as SMILES strings (Weininger, 1988) and MDL Molfiles (MDL Information Systems, 2001).
Testset
To obtain a testset for the PTC it was necessary to find a dataset, that:
• uses a standardized protocol comparable to the NTP,
• is large enough to allow a statistically sound evaluation
• contains structures that are similar to the NTP learning set, and
• is hard to identify and find † .
Most data from the general literature does not fulfill these criteria, because nonstandardized protocols are used, and the derived classifications are in many cases discordant with NTP classifications (Gottmann et al., 2001) . For the PTC testset we used data from the US Food and Drug Administration (FDA) (Contrera et al., 1997) . The original version of this dataset contained 282 compounds. 37 compounds were available in both datasets, that allowed us to estimate the concordance of FDA and NTP data. The results are shown in Table 1 and demonstrate excellent concordance between both datasets. After removing unidentified compounds, mixtures, substances without clearly defined chemical structures and compounds that have been tested also by the NTP, 185 compounds remained for the testset (http://www.predictive-toxicology.org/data/fda/).
The chemical structures came from various sources on the Internet (see http://www.predictive-toxicology.org/ db links/) and were preprocessed like the NTP structures (see next section). Only chemical structures (SMILES and Molfiles) and an anonymized compound ID were available to PTC participants.
Predictive Toxicology
Table 2. Data preprocessing steps in the PTC
Biological data
• Split studies with results for more than one compound
• Identify and remove mixtures and undefined compounds
• Identify duplicate studies and use the most relevant one
• Remove non-standardized studies (e.g. promotor studies)
• Synchronize ID's of studies and structures
• . . .
Chemical structures
• Test chemical syntax
• Correct wrong chemical structures
• Use consistent chemical representations (e.g. for nitro groups, amino groups, salts)
• Remove toxicologically irrelevant entities (e.g. H 2 O, HCl)
Preprocessing
The chemical and biological data used for the PTC was generated to be read by humans, not by machines. Therefore it contains inconsistencies and mistakes that are easily detected by the human reader (e.g. multiple compounds in one report), but cause considerable confusion when parsed automatically. To generate a consistent dataset it is necessary to perform several quality checking and preprocessing tasks (Helma et al., 2000a) . A summary is listed in Table 2 and more specific information can be found at the PTC website: http://www.predictive-toxicology.org/ptc/.
ORGANIZATION
The Predictive Toxicology Challenge was conducted in three phases. The main intention was to separate the calculation of chemical descriptors from the generation of SAR models and to allow the separate participation in one of this phases. Table 3 summarizes the timetable for the challenge.
Data engineering
At the beginning of this phase, we provided an initial training set with chemical structures and rodent carcinogenicity classifications. Contributors in the first phase were expected to provide chemical descriptors and features, that can be used to generate models for the prediction of untested compounds. During this phase all data errors reported by participants have been corrected. In total we received seven sets of descriptors, containing molecular properties, information about the presence/absence of substructures and functional groups (predefined and automatically generated from the data), graph theoretical indices, and 3D parameters.
Model construction
At the start of this phase the structures of the testset were made publicly available. Contributors in Phase I were required to provide the same set of descriptors for the testset as for the trainingset. After that all chemical input data has been fixed to ensure a level playing field for all model developers. For each of the four modeling tasks ({male,female}, {rats,mice}), we required activity predictions ({carcinogen,noncarcinogen}) for the structures in the testset. In total we received 111 prediction sets from 14 groups, multiple submissions were allowed. The number of contributions for each sex/species group can be found in Table 4 .
Model evaluation
The evaluation of submitted models was a two-step process. First, we identified models that are 'optimal' for different cost conditions (Provost and Fawcett, 2001 ). The results of this step are summarized in another paper in this section (Toivonen et al., 2003) . Providers of 'optimal' models were required to submit a understandable representation of their models, for examination by toxicological domain experts. These reviews form part of the following two articles: (Toivonen et al., 2003; Benigni and Giuliani, 2003) .
SURVEY OF PTC ARTICLES
The following articles about the PTC will discuss the general results and individual submissions in greater detail. The papers are organized as follows: (Toivonen et al., 2003) present a statistical analysis of the PTC submissions. (Benigni and Giuliani, 2003) discuss the results of the present challenge in the context of previous competitions. (Blinova et al., 2003) and (Okada, 2003) present individual contributions to the Predictive Toxicology Challenge. More contributions and the original data can be found on the PTC homepage http://www.predictive-toxicology.org/ptc/.
